A type of iron-bound protein was isolated from Clostridium botulinum by a modification of the method used for isolating ferredoxin from C. pasteurianum. This method involved acetone and diethylaminoethyl cellulose treatments followed by ammonium sulfate fractionation. The protein exhibited maximal absorption in the ultraviolet region near 260 m,u. Portions of the isolated iron protein were separated by disc electrophoresis and, following specific iron-bound protein staining, showed a positive reaction in the same position on the gel column as was first demonstrated by use of cell-free extract. Evidence accumulated by use of a cell-free extract of C. botulinum suggests that pyruvate is metabolized through a phosphoroclastic system as demonstrated in other clostridia. It is probable that ferredoxin is an electron mediator between pyruvic oxidase and hydrogenase for hydrogen evolution and acetyl phosphate formation.
Peck and Gest (9) observed that bacterial hydrogenase rapidly oxidized reduced methyl viologen, a low redox potential dye, yielding hydrogen gas. Their observation, as well as the observations of other investigators working with selected bacterial strains producing hydrogen, focused attention on a "natural" low redox carrier (11) . Mortenson et al. (7) isolated a nonheme iron protein from C. pasteurianum. This protein had a low redox potential on a diethylaminoethyl (DEAE) cellulose column and was called ferredoxin. Ferredoxin was successfully substituted for methyl viologen in the stimulation of acetyl phosphate production and hydrogen evolution from iron protein-free extracts in the presence of pyruvate. In addition, this protein was successfully substituted for methyl viologen in the dithionite reaction. Subsequently, the isolation of ferredoxin and the presence of pyruvate oxidase and hydrogenase yielding hydrogen gas, carbon dioxide, and acetyl phosphate in the presence of a pyruvate substrate (generally termed the phosphoroclastic system) were demonstrated in many species of clostridia (11) . Simmons et al. (10) Recently, we observed that protein-laden gels, which were electrophoretically derived from crude extracts of various types of C. botulinum and exposed to enzyme staining, showed clear areas indicating oxidation of the reduced tetrazolium dye by protein bands (J. K. Dyer, G. Hobbs, and A. W. Anderson, Bacteriol. Proc., p. 40), 1966. Further examination of these bands identified them as iron-containing proteins.
The objective of this investigation was to isolate, identify, and compare the ferredoxin from a proteolytic with the ferredoxin from a nonproteolytic type of C. botulinum, as well as to examine the association of ferredoxin with hydrogen evolution.
MATERIALS AND METHODS
Organism used. Strains 33A and NCIB 4261 of C. botulinum types A and E, respectively, were used in this study. The Preparation of cell-free extracts. The cells were collected by centrifugation and were washed three to four times with cold 0.05 M potassium phosphate buffer adjusted to pH 7.0. They were mixed with 0.05 M potassium phosphate buffer (pH 6.5) and were placed into a glass homogenization flask together with three times their wet weight of glass beads (0.11 to 0.12 mm). The cells were then homogenized in a Bronwell C02-cooled mechanical homogenizer (MSK) at 4,000 cycles per min. Disintegration was considered complete when 8070 or more cell ruptures were observed under a phase-contrast microscope. Homogenization usually required 2.5 to 3 min. The glass beads were removed by centrifugation at 3,000 X g for 10 min at 5 C.
Preparation of ferredoxin. The homogenate was diluted with cold distilled water and was then subjected to an acetone extraction and separation by the DEAE-cellulose column (6) . The column used was 2 cm in diameter and 3 cm in depth and could handle the homogenates from 50 g of wet cell paste. The preparation was washed and the ferredoxin was eluted according to the method of Mortenson et al. (7), with the exception that 1.0 M sodium citrate buffer (pH 5.0) was used for eluting the ferredoxin of type E. The eluate from both types was dialyzed in distilled water at 5 C for 24 hr. The dialyzed ferredoxin was then precipitated by the addition of crystalline (NH4)S04, 66 to 90% saturation at 0 C. From centrifugation to complete recovery, the ferrodoxin was dissolved in small amounts of cold distilled water and was dialyzed for 24 hr against 3 liters of distilled water, with several changes at 5 C. The dialyzed preparation was lyophilized and stored at -20 C in a desiccator. Pure ferredoxin from C. pasteurianum was obtained from Sigma Chemical Co. (St. Louis, Mo.) and was used as a control.
Preparation of ferredoxin-free extract fractions. The homogenate was prepared by a procedure similar to the ferrodoxin method. The homogenate was diluted with hydrogen gas-saturated 0.05 M potassium phosphate buffer (pH 6.5) until it reached four times its original wet cell weight. The beads used for homogenization were washed several times with the hydrogenated buffer, and the washings were decanted and pooled. The homogenate and washings were flushed for several minutes with hydrogen and were then centrifuged at 40,000 X g for 45 min at 5 C. The clear supernatant fluid was collected and passed through a cooled (5 C) DEAE-cellulose column to remove ferredoxin. This fraction was lyophilized and stored anaerobically at -20 C. The particulate insoluble fraction was then washed several times with the hydrogen gas-saturated buffer and was centrifuged as above to remove ferredoxin. This faction was lyophilized and stored anaerobically at -20 C.
Electrophoresis and gel staining. The disc method of Ornstein (8) In all cases, controls without ferredoxin or methyl viologen were conducted in parallel. Manometric determination of hydrogen gas evolution. The soluble and insoluble ferredoxin-free extract fractions, in amounts of 15 ml and 30 to 40 mg, respectively, were assayed for hydrogenase activity by a manometric procedure similar to that described by Peck and Gest (9) . A Gilson differential respirometer model G-8, which was preflushed with helium, was used.
Hydrogen production was determined manometrically by a slightly modified method of Mortenson et al. (7) . In all cases, controls were conducted in parallel. The identification of hydrogen was based upon its adsorption in the presence of a saturated methylene blue-palladium asbestos, as described by Gest et al. (3) . RESULTS 
AND DiscUSSION
Both type A and E ferredoxin were purified on a DEAE-cellulose column, and a slight difference in absorption spectra and elution characteristics was noted. The maximal absorption of type E appeared at 258 m,u, whereas the maximal absorption of type A appeared at 262 m,u. The absorption peaks disappeared when the ferredoxins were reduced with sodium hydrosulfite. These single absorption spectra differed from the spectra of other clostridial ferredoxins, which showed a maximal absorption spectrum at 390 m,u and a distinct species-specific absorption in the ultraviolet regions at 280 to 300 m,u (11) .
By the use of disc-gel electrophoresis, ferredoxins were detected in the crude extracts from C. botulinum types A, B, C, E, and F and in the nontoxic related strains. Figure 1 shows a separation on polyacrylamide gels of ferredoxins from purified and unpurified preparations of C. botu- Preliminary examination of cell-free extract prepared by centrifugation at various levels indicated that 40,000 x g was necessary to obtain a clear preparation. Figure 2 shows that the particulate fraction containing the hydrogenases of C. botulinum types E and A catalyzed hydrogen gas produced in the presence of sodium hydrosulfite and methyl viologen. It was also observed that the catalyzed activity of the hydrogenase decreased considerably when exposed in the atmosphere for a period of less than 4 hr. Contrary to a previous report (1) on clostridia, the hydrogenase appeared to be insoluble. Data in Fig.  2 indicate a lower activity for type A hydrogenase. However, this may be caused in part by denaturation during preparation.
The soluble fraction was observed to reduce methyl viologen in the presence of pyruvate and to produce a small amount of acetyl phosphate. This indicated the presence of pyruvic oxidase and phosphotransacetylase in the fraction.
The combination of insoluble and soluble fractions with potassium phosphate, CoA, and pyruvate resulted in the production of hydrogen when either 16 ,UM of methyl viologen or 1 mg of strain-specific ferredoxin was introduced into the system (Fig. 3) . Similar results were observed when the production of acetyl phosphate was measured by use of a system similar to that used to measure hydrogen production in the type E strain (Fig. 4) . The curves for ferredoxin 33A show that the production of acetyl phosphate is similar to production of hydrogen in type E. Figure 4 shows that the addition of increasing amounts of type A ferredoxin to type E phosphoroclastic system resulted in an increase in the amount of acetyl phosphate formed. This indicates that ferredoxin from either strain of C. botulinum can be interchanged without affecting the activity.
The addition of either type A or E ferredoxin to the phosphoroclastic system of C. pasteurianum produced hydrogen gas (Fig. 5) . Similar results were obtained when ferredoxin from C. pasteurianum was introduced into a phosphoroclastic system of type E. This indicates that the ferredoxins of these two species are interchangeable. This is not surprising, since it was previously demonstrated that such a hydrogen-producing reaction occurs between bacterial species and between plant and bacterial species (11) .
The results shown in Fig. 3 and 4 strongly suggest the presence of a phosphoroclastic system in C. botulinum types E and A which is similar to the system described for C. pasteurianum by Mortenson et al. (8) .
In addition to its role in the phosphoroclastic system, ferredoxin may participate in the evolution of hydrogen gas from an aqueous nonbiological system of sodium hydrosulfite, as was demonstrated in clostridial species by other investigators (11) .
